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CHARACTERISTICS OF SIX FULL-SCALE PROPELLERS
DIFFERENT AIRFOIL SECTIONS

By DAVID BIERMAIVNand EDWIIi P. HARTMAN

SUMMARY

Wind-tunnel tedg are reported of six S-blade 10~oot
propellers operated in front of a liquid-cooled engine
nacelle. 2%s.propellers were identical ezcept for blade
airfoil sections, which were: Clark Y, R. A. F. 6, .i>T.A. C.
A. .@@j h? A. C. A. i!400-34, N. A. C. A. 2RJI0,
and N. A. C. A. 6400. The range of bladeangles investi-
gated eztendedfrom 16° to 40° for all propellers except
the (lark Y, for which it eztendedto 46°.

The resultsshowedthatthe range in maximum ej%%ncy
betweenthe highest and the lowest t’a[ues was about $ per-
cent. The higlust efficiencies were for the low-camber
sections. An analysis of the results indicated that blade
sectiongfor controllablepropeller which are not limited in
diametershould be selectedchie$y on a basis oj minimum
drag (which affects matimum e~.enq) ina.wnuchas the
maximum lijt coefloients had only a small efect on the
take-off characteristics within the range investigated
because stalling, in general, did not occur. Sections for
j.red+itch propellers should be selectedon a basis of both.
minimum drag and mm-mum lijl, particularlyfor blade-
angl~ settings of i?OOand orer, becauaethe take-of thrust
power increased with maximum lift for the higher blade
angles.

INTRODUCTION

The Clark Y and the R. A. F. 6 airfoil sections have
been standard in the design of propellers in this country
for many years. The R. A. F. 6 section was favored in
edy designs but has given way to the Clark Y section
more reomtiy, particularly for metal controllable pro-
peIIere. The relative merits of the two sections for
propehr use have been fairly weH &abEehed by both
high-speed airfoiI and full-scale propeUer tests. The
airfoil tests reported in reference 1 showed the Clark Y
section to have a lovver minimum drag and a Iower
rna.ximum lift than the R. A. F. 6 section, which indi-
cates that a propeIIer with the Clark Y section would be

HAVING

superior for the high-speed or cruising conditions but
inferior for take-off with &ed-Ditch moDeIlem. The
propeller results of reference -2 qu~Ii~atiwly sub-
stantiate the airfoil results. The principal pbysimd
difference between the two sections is the shape of the
mean camber lines; the camber line of the R. A F. 6
section is higher than that of the Clark Y, particularly
for the nose parts of the sections.

The present investigation was made to detamine the
aerodynamic qualities of six propelle~ having diflerent
wctions. The Clark Y and the R. A. F. 6 sections were
included for comparative purposes. Two of the other
propellers were designed by the Bureau of Aeronautics,
hTavyDepartment; the N. A. C. A. “44oOseries motion
was used for one, and the N. A. C. A. 4400 series section
was used for the inner half of the other, the N. A. C. A.
2400-34 series section being used for the outw half. It
may be noted in reference 3 that the N. A. C. A. 4409
wction (used at 0.75 propeller radius) has a high
c..= and a fdy low CD.{. and is therefore a good
compromise between the C1ark Y and the R. A. F. 6
wctions. In reference 4 the hT.A. C. A. 2409-34 section
is recommended for propellers, particularly because of
its low C~m,mand delayed compressibility stall at high
speeds. The seotion is best suited for only the tip
scotions of propellers, howevar, because the CL.U is
low at moderate speeds.

Ii addition to the four propellers dwxibed, there
were designed at the NT.A. C. A. laboratory two addi-
tional propellers that incorporated sections of extreme
characteristics. One propeller has sections of the low-
camber N. A. C. A. 2RZ00 series, which has a low
C~mband a low CL.U; the other propekr has the high-
camber hr. A. C. L 6400 series section, which has a
high CD.,, and a high CL-. (See reference 3.)
‘I&its of these propellers were added to the program to
increase the known range of the propeller character-
istics that are dependent upon the amount of seotion -.
camber present.
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APPARATUS AND METHODS

Since the description of reference 5 was written, tl.M
propelk-resmrch tunnel has been modiile.d to the
extent of installing an electric motor to drive tb tunrwl
propehr and of repl&cing the balance with a more

FIGUREl.—Llquid-eooled enginenacelle.

modern one capable of simultaneously recording all
the forces.

A 600-horsepower Curtiss Conqueror en=be (GIV-
1570) was used to drive the test propellers. The
engine was mounted in a cradle dynamometer free to
rotate about an axis parallel ti- the propeller axis and

‘-T- -,----

FVJURE2.–Photograph showing the plan form of all the propelfera test8d.

located at one side Qf the engine. The torque reaction
was transmitted from the other side of the engine to
recording scales located on the floor of the test chamber.
The propeller speed was measured by a calibrated
electric tachometer.

The engine was housed in a nac~e represmtathw
of the type used for liquid-cooled engines. (See fig.
1.) The nacelle is oval in cross section, 43 inches in

~eight, 38 inches in width, and 126 inches in length.
i scale drawing of the nacelle is given in reference 6.

All six propelkm kted have three blades, me 10
‘eet imdiamet or, and are identica~ in shape e..cept for
dade motions. - Table I gives the principal plwsicd
haracteristic9 of the prop~ers tWe& - - -

TABLE I

Pro@lar (Bureau

L

Ctiber ;09J\191:(
of Aeronautics,

Navy Department Blade airfoiSaeatfon ~dyt
drawing No.)

camlret @er-
rcnt chord)

MS-9-........ Clark Y .. . . . . . . . . . . . . . . . . . . . . . . . . .
-R6 . . . . . . . . R. A. 1?.O.._ . . . . . . . . . . . . . .. . . . . . .
05Z3-A. . . . . . ..-. N. A. C. A. 440)serbm.. . . . . . . . ...

r

A. C. A. 4403sarh?sinner lrdf..
M23-B.--. . . . . . . l?~i c.A.2mH4 aarim outer

M23-c-.-....-.N.A.’C.A. 2RzO0. . . . . . . . . . . . . . .
6623-D. . . . . . . . . N. A. O. A. 6400_. . .. . . .._. ----
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IGURE3.—B1ade-formcurves for all propellers tasted. D,dfametwR,rad[usto
thetfw r, stedon redIw b.seotfonchord; k, awMonthfckmsw p,geametrfc p[tch.

Tk&ghout this report, the propellers will be individ-
ually referred to according to their sections or grouped
ccording to camber ratio. Propeller 6623-B, for
xample, will be designated the N. A. C. A. 2400-34
repeller.
Fi&ire 2 shows the plan form of the blades; the blade-

nm.curves are given in figure 3.
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It maybe noted that thegeometricpitch is dHerent for
all of thepropeUersexcept for the5868-9 and the 5868-R6.
The propellers of N. A. C. A. section were designed with
the blade angle of each section, measured from the angIe
for zero lift, the same as for propeller 5868-9. As a
result of this method of design, aJl the propellers have
the same effective pitch distribution along the blade
but, of comse, the pitches measured with respect ta the
chord lines are different.

Ordinates for the Clark Y and the R. A. l?. 6 propel-
ler sections me given in table II and those for the four
propellers with the NT.A. C. A. sections are given in
table III. The outlines of each blade section for the
0.70 radius are given in figure 4.

The method of testing in the propeller-research tunnel
consists in maintaining the propeller speed constant and
increasing the tunnel speed in steps up to the maximum
vahe of 115 miles per hour. Higher values of ~7/nD
are obtained by reducing the engine speed untiI zero
thrust is reached. Complications arising from com-
pressibility were avoided by running the tests at tip
speeds of 525 feet per second and less. The standard
initial testing propeller speed of 1,000 r. p. m. could not
be maintained for the higher bladwngIe settings, owing
to the Imitation of engine power; the foIlowing schechde
was therefore adhered to:

Propellerspeeds for tunnelspeedsbslofo116 mila per hour

Ek7dcangle, dtg.
MffalgwqxUerwd,

r.fr.m.
15--------------------------------------------1,000
20----;_.---------.-;-------------------------1,000
25--------------------------------------------&OO
30--------------------------------------------Soo
a5--------------------------------------------800
a--------------------------------------------700
45--------------------------------------------700

For V/nD valuea higher than can be obtained from the
foregoing schedule, the approximate test propeller speed
may be computed from the relation

‘. ‘“ ‘=&
where K= 1,000 for V= 115 miles per hour and D= 10
feet.

RESULTS ATND DISCUSSION

The results are reduced to the usual coefficients of
thrust, power, and propulsive efficiency defined as:

w-here

T
AD,

P,

;

effective thrust _T—ADc,– ~n,p pnSD4
engine powerc.= @D,
c. v

~=7La

is tension in propeller shaft, puunds.
increase in body drag due to slipstream, pounds.
mass density of the air, slugs per cubic foot.
propeller rotational speed, revolutions per second.
propeller diameter, feet.

ClarkY section, propeller 5888-9.

R ME section, propeller 5868-R6.

WA. CA. 4400 series. propeller 8823-A also
inner half of propeI le r 6823-B.

N.A.C.A.2400-34 series, outer half of
propeI18r 6623-B.

.—

.
i —

N. A.C.A. 2&OU series, propdler 6623-C.

~ “““~
N. A. C.A. 6400 series, pro@ler 6623-D.

FIGW 4.—Blade .seMonadrawn to tie fm the 0.70radhm

Charts for selecting or dwigning propdlers are given
in the form of C, against 7 and V/nD, where C,=

;-
The procedure of plotting Iinee of constant thrust

with respect to the power is now standardized and
facilitates calculating the thrust at all air speeds for
controllable and flmd-pitch propellers. The outline
of the method is given in reference 6.

The basic results are presented in the form of curves
in figures 5 to 28; comparisons and derived data are
given in figures 29 to 42. The test results have been
tabulated in six tables and are avaflable on request from
the National Adviso~ Committee for Aeronautics.
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DISCUSSION

Basic airfoil sections.—The thickness distribution
and the camber lines for the .aix basic airfoil sections
employed in the propeller designs are shown in figure
29, The thickness distribution (fig. 29 (a)) is about
the same for all sections with two exceptions. The
leading-edge radius of the ~T. A. C. A. 240&34 section
is shorter and the front portion is thinner than for the
other sections; aim, the pokt of m~fi~ thic~e=
occurs at 40-percent chord for the N. A. C. A. 2400–34
section and at 30-percent chorcl for the other sections.
These thiclmessdistribution differences account for the
superior qualities of this section at high speeds; because
the radii of curvature of the upper surface are large,

K,L

Chrk Y --- /VA.C.A.2400-34
---------R.A./6 ‘--- /VA.C.tt.2R,00

~ — - h!A.C.A.4400 -— N.A.C.A. 6400–

(b)
/ -

- \

- ---->-.

/ ~ — — — ~

(a) Oomperisonof thickoesa-formcurve3.
(b) Comparisono! ember lines for 0.76R.

FIGUREN.-Comparison of thlcknewform ourvea and camber UJ.MS.The ohord
Hma for the R. A. F II and the CIark Y EW1OIIEhave been eidfted b bring the
leedfng and trfdling edgeeof the camber Mm togethar.

the local induced velocities are kept smalI. Inasmuch
as compressibility losses result from local velocities
exceeding the velocity of sound, the criticaJ speed for
this section is delayed to higher vahw The trailing-
edge portions of the R. A. F. 6 and the Clark Y sections
are slightly thicker than the others, but .$his dtierence
in thickness distribution of the sections is probably of
small importance.

Except for the thickness distributiori of the N. A. C.
A. 2400-34 section, the only essential physicrd dMer-
ences betwea the sections ar.~ the shapes of the mean
camber lines. The camber lines for the N. A. C. A.
sections are mathematically derived curves and the
camber ratios remain the same for all thickness ratios.
In the design of the present propellers of N, A. C, A,

section, the blade sections at dMerent radii are thick-
ened or thinned with respect to the basic section from
the mean camber line, which remains constant. In
contrast to this method, the Clark Y and the R. A. l?.
6 sections are thickened or thinned from the chord line,
which is also the lower surface. The moan camber
lines are thereby different for each section thickness,

the anmunt of camber being proportional to the tlticli-
ness. In order to avoid differences in effective pitch
distribution for all the propellers, the section black
mgles were corrected for differences in the angles for
zero Mt.

The mean camber lines for the stations at 0.75 radius
me plotted in figure 29 (b). Those for tile R. A. F. 6
and the Clark Y sections have been plottod with respect
to lines passing through the intersection of tho cam}wr
lines and the leading and trailing edgas and not with
respect to the chord lines. The general shapes of tbe
mean ~amber lines are similar for all of the sections
except for the R. A. F. 6 and the 2RZO0 sections. The
R. A. F. 6 section is characterized by the rapidly
increasing camber at the nose of the section, and the
camber line of the N. A. C. A. 2RZO0section is roffexed.

The eflect of the shape of the mean cmnbcr lines m~d
the amount and position of maximum camber on the
aerodfiamic characteristics are fairly well est~blished.
h g~_eral, high cambers result in I@ vnhw of

C..a and CD.{. while low cambem rcs~t fil low
vahms .of both CL..= and CD.{.. It is tO be ~~lcctcd,
therefcie, that the mashmhn propeller efficiencies will
reflect differences in the prdde drag and that the
efficiencies at low. vahm..of T’/nDwill reflect differences
in maximum lift and in drag at high wdues of lift. In
the seIection of the sections, consideration was given b:
the minimum drag, the maximum Iift, the aerodynamic
moment, and the speed at which the compressibility
stall occurred. The N. A.-C. A. 2RZO0, the NT.A. C. A.
4400, m-d the N. A. C. A. 6400 sections constitute a series
diflering essentially in amount of camber and, consc-
quentiy, display differences in CD=,. and CL--. The

N. A. C. A. 2R200 section was chosen in preference ta
the N.” A. C. A. 2400 section for the 2-percent-crtmber
group because it has a lower C~m,. and it was tlmught
that there might be some practical ndvantage in having
a zero change in .awodynamic moment for controllable
propellers. The N. A. C. A. 2400-34 section was
selected. because -of its delayed compressibility sttill.

comparison of propeller characteristics.-In order
to study the influence that the diflerent sections inert
on the propeller characteristics, superposed sets of
curves: of the thrust, the power, and the efficiency are
given for three pitchdiameter ratios for zero thrust
(figs. 30, 31, and 32). The pitch-diameter ratios of
0.82, 1.28, and 1.83 ccnmxipond to blade mgles of 15°,
25°, and 35°, respectively, for the Clark Y propeller.
The blade angles for the other propellem are slightly
different, as may be noted.

—-
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The important cMerence in the thrust character+
tics (fig. 30) attributed to the diflerent sections is the
value of CT at which the blades stall. The propellers
of 2-percent camber, the N. A. C. A. 2400–34 and the
N. A. C. A. 2R200 sections, std at a CT value of about
0.13; the propeller of 4-percent camber, the IS. A. C. A.
44OOsection, stalls at about 0.15; and the propeIIer of
6-percent camber, the N. A. C. A. 6400 section, at
about 0.19. The curves indicate that the propelIer of
Clark Y section has nn average camber ratio of about
0.035 for the entire propeller, inasmuch as the stall is
at a CT due of about 0.15. The average camber ratio
is higher than that for the 0.75 radius station (0.026),
probably owing ta the fact that the inboard sections are
all definitely more highly cambered while the outboard

j dliciency approaches the ideal for which the profiIe
drag is zero. Also, the ideal efficiency is highest at
zero thrust, which czq?lains why the peak efficiencies
occur at higher values of V/@ for the low-camber pro-
pellem. This shifting of the peaks ta higher values of
VjnD for propellers of decreasing protie drag is of im- _
portance in design work. The closer the V/nD for peak
efficiency approaches the V@D for zero thrust, the
smaller is the power coefficient and, consequently, the
greater the diameter. The extreme condition is for a
propeIIer with the ideal efficiency, i. e., maximum effi-
ciency occurring at zem thrust rind zero torque so
that the diameter is infinite and the rotational speed
zero. The significance of the diameter will be clari-
fied by computations later in the report.

/.2 b
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.61 I f I, A
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I
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/.-angleof O.75R
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0 .2 .4 .6 .8 /.0 f.2 L4 /.6 /.8 2!0
v/n.D

FIourm 3z-COmpIrfwn of typk.al ealcieuog CCUVES.

ones are only slightly less cambered. The propeller of
R. A. F. 6 section has a higher average effective mean
camber ratio than that of its 0.75 radius station for the
same reason; it is 0.055 as compared with 0.040.

The corresponding power CUI-VWare given in figure
31. In the region where all the propellers are stakd,
it may be seen that the high-camber propellem have
lower power coefficients thrm the low-camber ones.

The efficiency curves, given in @zyre 32, indicate the
effect of profile drag on maximum eficiency. The pro-
pellers of low camber display efficiencies about 3 per-
cent higher than for the ones of high camber, and the
peaks occur at higher values of V/nD. Both effects are
attributed to the lower protie drags of the low+unber
propellers. The lower the profiIe drag, the closer the

The efficiency curves also reflect the high-thrust and
the lowdrag dues observed for the high-camber
propellers operating at low values of ~7/nD. These
differences in efficiency, however, do not necessarily
represent true differences in thrust power avaiIable for
either tied-pitch or cantroUable propellers. k the
case of a combination of a fixed-pitch propelIer and an
ergine, differences in CPO(design power coefficient) will

determine differences in diameter, w that for a given
take-off speed there will be diflerencm in V/nD, q, and
also engine speed, N. The thrust horsepower available,
if constant torque is assumed, is obJ..tied from

t. hp.= (b. hp.);,q

where NOis the engine speed at the high-speed condition
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of fligh~. In we case of controllable propellers, the pitch
is adjusted to maintain C!O and No constant so that -”

ditlereti propellers will be set at different blade angles
for the same V/nD or air speed. In order to show the
effect of the dfierent blade sections on performance, .t,ho
thrust yower available is computed and will be die-
cued later for both fixed-pitch rind controllabk
propellers.

Effect of blade section on the performance of engine-
propeller combinations,-Any conclusion drawn from
compa~ons of relative engine-propeLIer performance
depends somewhat on the methods employed in the
analysis. If each propeller is selected for mrmimum
efficiency at high speed, the diameters of the various
propellers will be different, depending upon tlm design
power coefficient, CPO,which in turn depends on the

V/nD for peak efficiency. The differences. in diameters
will have a large effect on the efficiency at the ttiko-of?
condition; for controllable propellem the larger tho
diameter, the higher the efficiency. If the 17/nDfor
peak efficiency could be determined with uniform ac- ._
curacy for all propellers, the comparison would be u just
evaluation of the relative merits, compressibility or
tip-speed effects due to the differences in diameters . _.
being neglected.

If the propellers are cmnpared on a btisis of equal
diameters for a given design condition, all the propeUers
will not operate quiti at peak efficiency at high speed.
The high-camber propellers will operate beyond the
peak and the designs will be, in effect, “compromises”
becaus~ the take-off efficiencies for controllable propel-
lers, at least, will be increased thereby. The consttint-
diameter method has the advantage of compmison at
equal tip speeds, and the airplane structural limitations
on the diameter are often the determining factor.

As neither method is entirely satisfactory dud both
have their merits, computations have been given for
each. In some instanctw the results ?ppe~r to be con-
tradictory but, if the methods are well understood, a
reasonable interpretation can be made.

In figure 33 (a) the propellers are compared on the
basis d maximum efficiency for high speed, Curves
are giv&n for high-speed efficiency, for take-off Miciermy
for controllable propellers of the constant-speed type,

and for take-off efficiencies for iixed-pitch propellers, all
for a wide range of design conditions (values of design
C’,from 1.0 to 2.5). The take-off criterion is assumed
to be the thrust power available at a spoecl equal to 0.25
of the high speed of landplanes. This vvdue corre-
sponds to 0.7 of the take-off speed for airplanes bating
a sped ratio of high speed to take-off speed of 2.8. It
can be shown. that 0.7 of the take-off speed is the best
single point for comparing take+ff thrust as that point
represents the approximate center of the arefi of the
graph.iiidly integrated &itigram of talm-ofl run of most -”
airplanes represented by Yklv, where t and v represent
time and velocity, respectively.
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In the computation of the take-off thrust power, the
engine torque is assumed to be equaI to the torque at
high speed. The engine speeds are assumed to remain
constant for the controllable propellers but to decrease
for the i%xed-pitih propellers in the take-off condition,
according to the rdation

;.= JZOn

Although the percentage of tbust power avaiIable aIso
represents propulsive efficiency for the controllable
propellers, it represents TI(N/No) for the fixed-pitch
propellers.

The greatest difference in maximum efficiency is about
3 percent; the l@hest efficiencies are for the Iow-camber
propellers.

It seems strange that the controllable propellers of
low and medium camber would also excel for the take-
off condition. This paradox is explained by the results
presented in table IV. The low-camber propellers are
designed with larger dismetem than the high-camber
ones and, in order to absorb the same power at the
take-off, are set to lower blade angles for which the
efficiency is higher.

The high-camber propellers are definitdy superior for
fixed-pitch propellers set at high blade angles. The
reason is quiti obvious. (See figs. 30, 31, and 32.) The
stall is delayed to higher angles of attack, i. e., to lomr
values of T“/nD,and the gain in efficiency due to the
lower drag and the higher lift of the sections is quiti
pronounced. The decrease in engine speed sIso plays a
prominent part in the available tihrnst power, as is shown
in table W. The high-camber propellers are designed.
to operate at higher -rakes of GPOthan the low-camber

ones. The higher the CPO,the less is the increase in CP

for take-off and, consequently, the less is the drop in
rotational speed. The stalling characteristics of the
propellers do not enter the problem for 10-wblade angles
so that there is less choice of section for low design
C, conditions.

In figure 33 (b) the propellers are compared on a basis
of equal diameters for given values of CS. The propekr
of C1ark Y section is taken as the standard because it
is of medium camber. The diameters of the low-camber
propellers are slightly decreased from the pretious
comparison and those for the high-camber ones me in-
creased. The high-speed efficiencies are slightly dMer-
ent from the maximum values but the order of merit is
the same.

The order of take-off efficiencies for the controllable
propellers is changed. The high-camber propellers are
about equal, in general, to the medium+ amber ones,
and the low-camber ones have the lo-west efficiencies.
The medium-camber and the high-camber propellers
are about equal in this comparison because neither type
exceeds the staII for the take-off criterion (see table Y);
the superior stalling characteristics of the high-camber

?ropelIers are, of course, not u tdized. The high-camber
yopelIer is slightly superior at a C, value of 2.5, which
;hows that its stalling characteristics are beginning to
be utilized and, for higher C, values, they should be
infinitely superior. The high-camber propellers would
iiave been superior at lower values of C, if the diameters
lad all been smaller. For example, if the propeIler of
R. A. F. 6 section had been assumed to be the standard
of comparison instead of the propeller of Clark Y

.-

~ection, the high-camber propellers would have excelled
~t C, values above 1.5.

Large differences in take-off thrust power me evident
for the various fixed-pitch propellers. This compmison
is the closest representation given of a pure efficiency
comparison because the take-off CP has about the same
value for all propellers; they therefore all have about
the same drop in engine speed. The results given in
figure 32 show the same order of merit in the take-off
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range as the comparison in fi=gure33 (b); both methods
indicate the superiority of high-camber propellers for
medium and high blade-angle design conditions.

Effect of thickness,-In reference 6, compmisons
were made betwean propellers of three different sec-
tions: Clark Y, R. A. F. 6, and hT. A. C. A. 2400-34.
The propellers -were thinner than the present ones
(h/b=o.07 at 0.75R as compared with h/b=o-09). In the
former comparison, based on controllable propellers of
equal diameter, the propeller of R. A. F. 6 section was
best for take-off, while the present tests indicate the
m-openers of Clark Y and R. A. F, 6 sections to be about
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FIGURE 8S.-Alrfoil cbaracmlalm of propalier sect!onswmput.d from the 0,70R

station. Blade angle, 25°at 0.75R.

equal. It is reswonable to assume that the diflerenc~
h rehtive efficiency are due to the differences in thick-
ness of the two sets of propellers. Figure 34 showw that
the propeller of Clark Y section improves in take-off
efficiency with increasing thickness whereas the pro-

peller of R. A. F. 6 section does uot. It is well known
that C~x= increases with airfoil thickness and camber
up to a limit. As the R. A. F. 6 section has a higher
camberjhan the Clark Y, it seems logical th~t it would
reach its CL_ limit at lower values .of thickness.
Reference 2, which is a more general study of the effect
of blade tbicknws, seems to substantiate this contention.

The N. A. C. A. section propellers me not so scnsitivo
to change in thickness because the camber is not a
functiori of thickness.

Lift and drag coefficients reduced from propeller
results. —Tn reference 7, Leek presents two methods of
reducirg propeller characteristics to airfoil results and
vice v-a. In one method, computations are made for
six blade elements and the thrust mnd the torque grading
curve=e integrated. The second method is based on
only a smgle rad”~w, the iss”umption being that the shupe
of the_ grading curves remains constunt so that a con-
stant iiitegmting factor is used This method is further ---- ._
simpMed by the use of charts so that a propeller may ?Je
analyzed within an hour.

Lift, ~d drag curves derived by the single-radius
metholare plotted agai&t angle of attack in figure 35
for the six propeHers with a blade-angle setting of 25° -
at 0.7~; polar curves me given in figure 36. The
results for only one. blade angle me analyzed. The
tests from which these curves are derived were made the
same day under appanmtly identical conditions and arc
therefore considered to be relatively more accurate tbtin
for the whole series; the estimated precision is w--thin
0.5 percent for qmu.
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Of interest are C~m,,, OL_, and CD at high vahws
of & The sections of 2-percent camber show vahws
of CD.,. of about 0.01; the sections of 4-percent camber
show values of about 0.017; md the section of 6-percent
camber shows a value of about 0.02. The propelIer of
R. A. F. 6 section, which has a camber line (see@. 29)
difFerent from the other sections, shows the highest
C’~mti,0.022. The 2-percent sections show vaks of
CL= of about 1.1; the 4-percent section, of about 1.3;
and the 6-percent section, of about 1.5.

Lift and drag coefficients are of little value in deter-
mining the relative merib of the airfoil sections for
prope.hrs unless their quantitative importance is deter-
mined. The influence of CD at ~.== (approximately
C..,=) on ~- is given in figure 37 for the propellem
when set at a blade sngle of 25° at 0.75R. Large
changes in CD are seen to sHect q.a= only a smaI.1
amount. Reducing Cp from 0.02 to 0.01 increases
Vmaonly 3 percent. By extrapolation, if the drag could
be reduced to zero, the q.u would be increased only to
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FIGUEE37.-The InEueneeof the bfade dreg ecefEcienton the maxfnmm propnlske
ticfency. Bfade engle, 26°at 0.71U?.

0.895, which is ordy a few percent below the ideal for
this condition. (The ideal efficiency neglects profle
drag, hub drag, body slipstream drag, rotational losses,
tip ~osses, blade interf erence, etc.) This result indicates
that the possibilities for improving q.m by reducing the
profle drag of the sections are wry Iimited; the maxim-
um increase is probably not more than 1 or 2 percent
above that for the presentday standard sections. It
ahould be emphasized that figure 37 applies only to a
blade-angle setting of 25°. For h@er q#~ up to

about 45°, according to the simple blade-eIement
theory, CD would have a dightly smaller ircfhwnce on

%UUH
A direct relationship does not always exist between

C~R,=and take-off etliciency because in many cases the
sttdl is not reached. Fixed-pitch propelkrs set at
blade angles bdow about 20° (the approximate blade
angle for st ailing at zero air speed) and some control-
lable propellers set at angk as high as 30° do not stalI

during the take-off run. Rrobably some indirect rela-
tionship exists, however, between C~m. and the take-
off ticiency because of the drag at high angles of
attack associated with sections of difhrent camber.

The relationship between the C&M and the take-off
efficiencies of controllable and fi~ed-pitch engine-pro-
pelkr combinations is given in figure 38. In figure
38 (u) the analysis is based on propellem designed for

~=~, the data beti taken from figurw 33 (a) and 35.

[a) Ml propellers ddgned fer marlmnm efMeneY at I&i s-.
(b) All propeller he~e enmedlemeter for a ghn C. (Clark Y propefkr used w

Standerd).

Frrmm 2S.-Relatfonsh1p between CA end the pro@w elwrecterktfce for the

take-off wndltlon. Teke-eE crftedo~ 1’.0.% V-.

It may be seem that increasing values of C~=a=are asso-
ciat ed with a slightly decreasing take-off thrust power
of controllable propellem. This trend, as previously
explained, is due to the different take-off blade settings
necessitated by the differences in diameter.

The trend of take-off thrust power increases with
increasing C~_ for the tied-pitch propellers set at
moderately high blade angles but not for the low blade-
angle settings because the blades are never stalled.
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h figure 38 (b) a similar analysis is presented for
propellers hawing equal diameters, the material being
taken from figures .t?3. (b) arid 35. In this example,
hMe89ing ValU&3 of c~~~= me associated with an in.

creasing take+ff thrust power of controllable propellers
for only the low C“ range and the high design C, values.
The high-pitch low-camber propellers are the only
ones exceeding the stall at the take-off, as previously
pointed out. Had the diameters of all propellers been
smaller, more propellers would have exc.e.eded the stall
and the advantage of a high lift coefficient would be
more general

The advantage of high lift coefficients for fixed-pitch
propellers is definite over the entire range investigated;
it is more definite, however, for the high blade angles
than for the low ones. The take-off thrust is increased
an average of 1 percent for each 1 percent increase in
cLm=z for c, values of 1.5 and over.

Effect of compressibility,-In the tests reported in
reference 8 it wae noted that propellem of R. A. F. 6
section were more -affected by compressibility in the
take-off and cknbing range. than those of Clark Y
section. It is reasonable to. assume that the other.
propellers would likewise display differences. of the
sec.ticme incorporated in the present propellem, the
Clark Y, the R. A. F. 6, and the N. A, C. A. 2409-34
have been tested as airfoils in the hT. A. C. A. high-

speed wi~d tunnel and the results are given in figure
39 (from references 1 and 4). The low-speed results,
V/V.= 0.40, correspond approximately to the present
results. It may be noted that the curves from these
tests of low-speed airfoils check in a relative way the
airfoil curves derived from the propdler resuhe.

In the airfoil curves for high speed (V/ Vc=0.80,
fig. 39J, it may be noted that the values of the mini-
mum drag coefficient of the N. A. C. A. 2409–34 sec-
tion was doubled, the Clark Y tripled, rind tho R.
A. l?. 6 nearly tripled by rloubling the air speed. If
all the- elements were traveling at 0.80T7C,the nmxi-
mum efficiency of the propeller of N. A. C. A. 2400--34
section would be. expected to drop about 3 percent}
that of Clark Y section about 9 percent, and that of
R. A. ‘F. 6 section about 8 percent, judging by the
effect of drag on ~maz,as shown in figuro 37 for the 25°
blade-gngle setQng. Fortuna@y, only the tip ele-
ments are affected so the loss is much less,

For the 2-blade propeller of R. A. F. 6 section turn-
ing at 1,800 r. p. m. (V/v, =O.83), the loss in peak
efficiency is only about 1 percent (within the experi-
mental error) (fig. 40), which means that very little
ares at the tips is affected, These results have been
translated into airfoil results and me shown in figure
41 for. the purpose of compmisan with the high-speed
results shown in figure 39. Some ~dea, of the bJm.le
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area affected may be obtained by referring to @me
42 wherein CD is plotted ~gainet V]Ve (which is also
a function of propeIIer radius, assuming ordy rotat-
ional velocity). If consideration is given to the

./0 I

h
.Gw .8

CT

.06 .6

c’

.04 .4

.02 .2

0 2 .4 .8 f.o !2
a

V;:D

FIQUKE.iO.-Eftwt efmmprmdbllfty on thechmaeferfeticaof an R. A. F. Opropelkr

(tire reference8).

thrust distribution over the blade, which falls off nem
the tip, it is readily seen why the propeller of tha
R. A. F. 6 section loses so little in peak efficiency owing
to compressiblity-.

It is pointed out in reference 4 that the N. A. C. A.
2400-34 series section is superior a-t high speeda to the

Lift coefficient+, CL

FIGLZB 41.—Afrfofl aecffon chametdatles redn@d from pmpelkr resnIts. Tw@
bfade propellarof R. A. F. 6 sa?tiorGblade angl& 16° at 0.76R (kom refer-
ence8).

commonly used propeUer sections and the curves that
are herein reproduced in figure 39 are given as evidence.
As a result of the recommendations of reference 4,
propeller 6623-B was designed with the N. A. C. A.
2400-34 series section for the outer half. This pro-
peUer was not tested at high tip speeds because the
propeller of R. A. F. 6 section ahowed scarcely any

decrease in peak efficiency; it w-as concluded that any
comprweibility effects of the propeller of N. A. C. A.
2400-34 section couId not be measured at q.= with
the present test set-up.

Fiie 42 shows the relative blade area aiTected by
compressibility for the propellers of R. A. F. 6 ~d
N. A. C. A. 2400-34 sections. It appears th~t the
tip speed must be at least 0.90VC before compressi-
bility effects at q.= could be measured on the pm-
pelIer of N. A. C. A. 2400-34 section, and then the
loss would probably amount to not more than 1 per-
cent, judging by the results for the R. A. F. 6 section
for a tip speed of 0.83VC. The results of reference 9
also show that no loss in peak efficiency occurs up to

A! A.CA.2409-34

1
t

V/u
FIGEEE42.-EEeat of compreasfbIllty on the dreg of two wetfone when workfng at
lfftawaldentsk mamnm pro@ler aftleienm (from rakence 41. BIede mea
appreciably affected by comprmsttdlfty h a ttp spwd ewM to 0.S3V,.

-—

tip speeds of 0.85 or 0.90VC for the standard propeller
sections.

Testa of the propellers with the N. A. C. A. sections
at high tip speeds for the take-off and climbing condi-
tions are planned. It is not anticipated, however,
that the condition of high tip speed wilI materially
alter the reIative merh of the sections for the take-off
condition because: First, only the tip sections ordinarily
operate at high speeds; and, second, compressibility
tends to equalize the charactaiatics of diflerent airfoils
at high anglm of attack rather than to accentuda any
differences. Figure 39 indicates that d airfoil sections
have about the same C.._ at 0.80 V.. This resdt

was also found to be substantially true for propellers.
In reference 8 it is pointed out that, ahhough the

.—

propellers of R. A. F. 6 sectio~ lost more in tsh-off
efbiency owing to compatibility than those of Clark
Y section, the ficiency at low tip speeds was higher;
consequently, the efficiencies tended to equalize at . .
high tip speeds.
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CONCLUSIONS

1. The difference in maximum propulsive efficiency
for propellers of different sections amounted to about
3 percent. The highest efficiencies were for the pro-
peller sections of low mean cam.b.ers, as may be noted
from the order of merit: N. A. C. A. 2400-34, Clark
Y, N. A. C. A. 2R200, N. A. C?. A. 4400, R. A. F. 6,
and N. A. C. A. 6400.

2. The difference in take-off efficiency for controllable
propellers varied from 2 to 8 percent, depending upon
the section, the design C, value, and the method of
comparison. Based on propellers of the same diameter,
the order of merit of the sections; in general, was:
R. A. F. 6, N. A. C. A. 4400, Clark Y, N. A. C. A.
6400, N. A. C. A. 2R,00, and N. A. C. A. 2400-34.
Based on propellers of which the diameters were those
giving maximum efficiency at high speed, the order of
merit of the sections, in general, was: .N. A. C. A.
2RZ00, ~a.rk Y, N. A. C, A. 4400, N. A. C. A. ~0~34>

R, A. F. 6, and N. A. C. A. 6400.
3. The difference in take-off efficiency for fixed-

pitch propellers varied thrcmgh wide limits. Based
on either method of comparison, the order of merit
was: R. A. F. 6 or NT. A. C. A. 6400, N. A. C. A.
44oo, Clark Y, N. A. C. A. 2R200, and N. A. C. A.
2400-34.

4. The tests indicated that blade sections for con-
trollable propellers not limited in diameter ahonld .be
selected almost entirely on a basis of minimum drag, as
the maximum lift coefficients had only a smaIl effect on
the take-off characteristic within the. range investi-
gated, because the stall, in general, did not occur.

5. The tests indicated that blade sections for fied-
pitch propellers should be selected on bases of both
minimum drag and maximum Iift, particularly for blade-
angle settings of 20° and over. For propellers of equaI
diameters, the increase in take-off thrust was propor-
tional, in general, to the maximum Lift.

6. A comparison of Clark Y and R. A. F. 6 sections
of different thickness ratios for controllable propellers
of the same diameter indicated that thin (h/b=O.07)
propellers of R. A. F. 6 sectkm were superior at take-off
to thin propellers of Clark Y section, but that thick

(h/b=O.09) propellers of Clink Y section were equal to
thosemf R. A. F. 6 section, either thick or thin.

7. Tests already reported on the effect of compressi-
bility indicate that no correction need be applied to the
maximum efficiency of the present results for tip-speed
values of V/V. up to 0.80 or 0.90. Although corrections
should be applied to the take-off characteristic for
somewhat lower tip-speed values, the results show that
compressibility tenda to decrease any differences be-
tween propellem of diftereut section. The present tests
probably show the correct order of merit even up to tip
speeds of 0,90 V,.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLEY FIELD, VA., March %, 1938.
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TABLE II

CLARK 1“ AND R. A. F. 6 BASIC PROPELLER SECTIONS

LE.

d;b

o

:%’
.1

::
.4
.5
.6
.7
.8

L. Ej~adlus
T. E. radius

Cktrk Y

k~h

o.23s
.Mm
.5325
.MM
. mio
.mm
.9s20

;=

.5210

.3276
0.la
.m
.41
.44
.72
.04
.04

amm
.lml
. 0s11
.Ms4
.mm

o
0
0
0
0
0
0

1
E. A.F.6

h(b

....----..
0.41
.69
.79

A

l:K
.W
.95
.m
.74
.Ea
.25
.10
.07
.CMh
.4Wb
.mhh
.0446MA
.O-16ibh$

N. A. C. A. BASIC PROPELLER SECTIONS

[, E. radius
; A/em fIhe

u 4

. b=—
< d

I &n2ti0n._-.. 4400

qb

1

@ h~h-h~h

0:p 0:~+ 0.2179
.2m2

.1 .01760 .:92:

.2

.3 :%% . ml

.4 .40mo . 4s36

.6 . 03ss9 .4411

.6 . 03b50 .2$03
.m030 .3053

:; .02z22 .2M0
.9 .01222 .3206

L. Ei&hs/b
o .0105

Ll( b)i
o.2m

b. .&$
h. .0313b

24M-34 I 2FMP3

=--b--l “h=hdk
o.M242 0.140
.M4m .M9
.man .924
.OWJJ .426
.01875 .4a4
.020m .5?0
;OIM .4s3

.443
.01600 .872
.01111 .277
.m611 .lm

o .010
0.275(4/b)s
o.m
.465
.Ol;a

0.MIMI

1
0.2179

.ml .2m2

.olm4 .3M2

.01828 .4i81

.01W9 . ml

.Olml .4s30

.01414 . Ml

.m .83M

. M710 .Wi3
–. mo24 . !21S6
–. mm .Ln2
o .0105

L1 b)*
o.lLW
.42h
.OrMb

----

—

t?-lm

1
M hfh-hah

c:pJ o.21i9
.2m2

.020m .3902

.O_LMo .4781

.0M25 .bool

.m .4933

. ma34 .4411

.06368 .Wls

.04831 .mm

.03284 . 21s6

.01634 .lm
o .0105

L 1(h/b)t
o.MO
.m
.Mm
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TABLE IV - “

PERFORMANCE OF PROPELLERS HAVING DIAMETER FOR MAXIMUM EFFICIENCY AT HIGH SPEED

Take-off, wntmllabIe
pkh Taka-oR, llxod pitch

Blade

(%%

)e$
Blade
Bngle
;de&)

Pmp811er I Section
Dtam-

et.sr
(ft.)

)33::

(deg.) G)
586s- 9..- . . . . . ClarkY.....-........—..-. aims

1:%
L5S8

.5.53

1:E
L 70s

‘ .s53

1:%
L 85s

.s0s

i%
LS4S

.478

i%!
L m

.M2

i%
L 706

10
10
10
10

Q.14
9.12
9.47
9.87

9.14
Q.50
9.75
0.65

10.co
10.27
10.61
10.84

10.57
10.81
10.40
10.10

?.2!
Q.47
9.87

la. 2
2L 9

z;

16.4

E:
2&8

16.4
23.8

R:

16.2
22.8
28.8
28.4

?i I
20.0
33.a

I&6
22.4
m. 4
87.4

0.764

:%?
.Em

.768

.830

.848

.8Z%

.771

.827

.848

.8W

.7%5

.85+

.871

.846

. n6

.843

.801

.84s

.747

.881

.842

.M”

0:g

.204

.4KKI

. la

:!%)
.426

.138

:E
.414

,124
.X17
.280
.386

.119

.197

.292

.3W

.141

.228

.3m

.420

10.8
15.4
19.9
!a7

3!
228
m. 2

13.9
17.5
X7.9
28.0

12.0
Ill 1
la 4
22.7

11.6
14.6
20.0
24.8

la. 2
l&6
!m.7
m.a

0:&7

.s00

.&48

;:%

.4W

.521

. a12

.415

.4s2

.521

,338
,415
.4%3
.s23

:E

:E

.acd

.400

.474

.526

0. m
.282
.437
.595

J&

.410

.JXd

.157

.271

:E

. ml

.282

.428

.621

.1%

.282

.448

.628

. MO

.274

.3i16

.582

12.2
2L 9
29.1
33.1

16.4

E;
aa.s

16.4
B. 8
Mt.0
a7.2

15,2
!22,8
=S
2a4

15,0
21.8
20.0
88.a

lh a

:;

0::;

. 3s7

.403

.3m

.384

.419

.220

.WI

.401

. 3s2

.387

.884

.332

.413

.416

.249
.452

:E

.207

.4M

.416

.4W

0:~

.022

.870

:%
.781
.761

.878

.Sm

.735

.716

.as

.784

.tsifl

.828

. 7S4

.ma

.651

.s30

.88s

.82s

:%’

amJ

.276

.2?.7

.ml

. a28
,an
,2P7

.281

.829

.289

.277

. m

.281
,279
.!MS

,267
..310

:=

.272

. 33s

.361

.328

5888-R6-. . . ..- R. A. F. 6......--.--.-–-

6623-A... ..--... N. A. C. A. MM-------------

8623-B-------- N. A. C. A. W !nner half,
24@H4 outer half.

8329-C-------- N. A. C. A. 2ReO0--..—_._.

e823-D. . . . . . . . . N. A. C. A. S4fI0----------

TABLE V

PERFORMANCE OF PROPELLERS UT” EQuAL DIAMETER

[CIark Y pmpekr taken ae standard]
— --

Take-off. cmitrolIablaHfgh SpMd Take-off, fired Bitchpitch

Prop411w Ss2tion IEdgl
c, Blade

angle
[de@

2?:
29.I
afi I

E!
28.7
8s.8

5:
28.7
8s.s

E;
8L o
87.8

18.7
247
aL 8
6a7

lL.3
19.8
26.0
2a.9

v
r==

Blade

(7$)

11.8
M.4
19.3
22.7

10.8
M. 3

2!

10.8
15.2
10.0
=2

129
17.3
2LI
.2A6

3!
2L 9
2s.3

Ml8
;::

20:6

DIam-
tm (ft;

v
X5Q mu

0.766
;g44

.S50

.781

.816

.ma

.817

. 78s

:%1
.E32

.78a

.848

.866

.848

. 74s

.837

.SW

.843

.721

.82a

.S&5

.816

q

0.307
. 42a
.tuo
.s4s

.311

.4.2a

.m

. S70

.327

.42a

:5%

.839

.862

.466

.492

.310

.410

.486

. Slo

.319

.421

.497

.’533

?

0.340
.411
.897
.4M

.838
; ::;

.474

.848

.420

.427

.4m

.382
,361
.?74
.3412

,827
.280
.354
.an

. a37

. 43s

.502
,406

—
6w&9------ ClarkY.---- . . . . . . . . . . . . . . . o.KM

i~
1.509

. M16

1:%
1.508

.K15

$?J

.K15

ig
LSW

.50s

.852
L 218
L.EdM

.s06

.8s2
L 213
L.5W

;!
10
10

i!
10
10

10
10
10
10

10
10

i!

10
10
10
10

10
10
10
10

0.126
.218
. .%74
.406

.126

.212

.W14

.400

.126

.213

%

.126

.2L2

.aot

.433

.J.fM

.213

.am

.402

. Ml

.213

.304

.41m

& m
. .%2
.427
.56s

, 14s
.27s
.412
.s23

.154

.274

:%

.152

.257

.426

.Sm

. 1s9

..291

. 44s

. 02s

.146

.278

.405

.657

a 82S
. 7s7
.603
.Sio

.8L?4

.774

.724

.7U2

.Sm

.779
,7’22
.593

.820

.743

.094

.035

.704

.721

.s80

.637

,866
.W
.747
. 7[s

0.284
.311
.27s
.270

.204

.347

. 36[

.333

. ?35

:E
. !W2

.m

:2
.m

.264

.m

.241

.240

. W2
,824
. a7s
,854

6868-R6.--I R. A. F. 6... ..--.. –...._-
1

8623-A... . . . N. A. C. A. 44C?3.-... _._.-

1
OS.%B---- N. AC. A4402fnnmh81f,

2402+4outer half.

W42-C-+ N. A. C. 2RiW. . . . --------

c023-D. . ..- N. A.C.A.6Wl_________

—


